The lac operon of Escherichia coli is the paradigm for gene regulation. Its key component is the lac repressor, a product of the lacl gene. The three-dimensional structures of the intact lac repressor, the lac repressor bound to the gratuitous inducer isopropyl-3-D-1 -thiogalactoside (IPTG) and the lac repressor complexed with a 21-base pair symmetric operator DNA have been determined. These three structures show the conformation of the molecule in both the induced and repressed states and provide a framework for understanding a wealth of biochemical and genetic information. The DNA sequence of the lac operon has three /ac repressor recognition sites in a stretch of 500 base pairs. The crystallographic structure of the complex with DNA suggests that the tetrameric repressor functions synergistically with catabolite gene activator protein (CAP) and participates in the quaternary formation of repression loops in which one tetrameric repressor interacts simultaneously with two sites on the genomic DNA.
The lac operon of Escherichia coli is the paradigm for gene regulation. Its key component is the lac repressor, a product of the lacl gene. The three-dimensional structures of the intact lac repressor, the lac repressor bound to the gratuitous inducer isopropyl-3-D-1 -thiogalactoside (IPTG) and the lac repressor complexed with a 21-base pair symmetric operator DNA have been determined. These three structures show the conformation of the molecule in both the induced and repressed states and provide a framework for understanding a wealth of biochemical and genetic information. The DNA sequence of the lac operon has three /ac repressor recognition sites in a stretch of 500 base pairs. The crystallographic structure of the complex with DNA suggests that the tetrameric repressor functions synergistically with catabolite gene activator protein (CAP) and participates in the quaternary formation of repression loops in which one tetrameric repressor interacts simultaneously with two sites on the genomic DNA.
More than 30 years ago, Jacob and Monod (1) introduced the E. coli lactose operon as a model for gene regulation. The model persists as a cogent depiction of how a set of structural genes may be coordinately transcribed or repressed depending upon the concentration of metabolites in the growth medium. The product of the i gene, the repressor molecule, binds to a specific DNA sequence and functions as a molecular switch in response to inducer molecules. In the absence of extracellular lactose, the repressor binds tightly to the operator DNA and prevents transcription of lacZ, lacY, and lacA, which code for 3-galactosidase, lac permease, and a transacetylase, respectively. Conversely, when lactose is present in the medium, the repressor dissociates from the operator, allowing transcription of the structural genes.
The lac repressor is a protein (2) of 360 amino acids that associates into a homotetramer of 154,520 dalton molecular mass (3, 4) . This tetramer can be cleaved by limited protease digestion into five distinct fragments: four NH2-terminal fragments (about 60 residues) that bind specifically to oper-M. Lewis (6) (7) (8) . The operator of the lac operon was originally identified from cis-acting constitutive (oC) mutants (1) . A 27-base pair (bp) DNA fragment, which encompasses these oc mutations and is protected from deoxyribonuclease digestion by bound lac repressor, is centered 11 -bp downstream from the start of transcription of the lacZ gene (9) . This operator has an axis of approximate dyad symmetry, a feature common to many transcriptional regulatory sites. The lac repressor binds with 10 times greater affinity to a palindrome of the left half of the operator, which lacks the central base pair (10, 11 ). The natural inducer of the repressor molecule is allolactose, an analog of lactose created by a side reaction of ,3-galactosidase (12) . However, a gratuitous inducer, isopropyl-,3-D-1- (15) , reminiscent of the shattering of crystals of deoxyhemoglobin when exposed to air (16, 17 (18) . In addition to the principal operator 0 , the lac operon has two auxiliary operators, 02 and 03, which were discovered after the lac repressor was isolated and its operator DNA was sequenced (19) (20) .
Few proteins have had such a strong impact in molecular biology. For decades, a prodigious amount of genetic and biochemical information on lac repressor has awaited structural interpretation (21) . A sitespecific substitution analysis by Miller and co-workers (22) (23) (24) repressor than of any other protein, including hemoglobin (25) . The lac repressor and its complexes with operator DNA and effector molecules have both contemporary and historical importance for the understanding of gene regulation. As a consequence, considerable effort has been devoted to determining the threedimensional structures of the lac repressor and related proteins. The structures of proteolytic fragments of both the NH2-terminal DNA binding domain (26) and the COOH-terminal tetrameric core bound to inducer (27) have been determined. The lacI family of proteins consists of about 20 transcriptional regulators that have sequence homology to the lac repressor (28) . Within this family, only the dimeric purine repressor (PurR)-DNA complex structure has been determined (29) . We present here the three-dimensional structures of the intact lac repressor, the lac repressor bound to the gratuitous inducer IPTG, and the lac repressor complexed with a 21-bp symmetric operator DNA. These structures provide not only the three-dimensional framework for interpreting a plethora of biochemical and genetic information but also suggest an explicit model for how the tetrameric form of the lac repressor interacts with DNA and functions synergistically with CAP to regulate the lac operon.
Structure determination of the repressor and its complexes. Methods for protein isolation, purification, and initial crystallization of the intact lac repressor have been described (15) . The law repressor crystallized in a monoclinic space group C2 (30 (Fig. 2) .
Parallel attempts were made to solve the structure by molecular replacement methods. Self-rotation functions (34) revealed 222 symmetry in the diffraction data, indicating a noncrystallographic twofold axis perpendicular to the unique axis. The orientation of the molecule was determined from a cross-rotation function with the dimeric purine co-repressor binding domain (29) . Conventional search procedures to translationally position this model were unsuccessful. Using a genetic algorithm (GA_RB), the molecule was positioned by simultaneously determining the orientation of the search molecule while searching for the position of the subdomains within the cell (35) . The molecular replacement solution was verified by calculating the isomorphous and anomalous difference Fourier in each case, which produced large peaks at the expected heavy atom sites. (72) . BNL data were collected with a CCD detector and diffraction images were processed with MADNES (73) and scaled with XSCALE (Kabsch) . CHESS data were collected with the Princeton 1 K CCD detector. Images collected at CHESS were integrated and scaled [DENZO and SCALEPACK (74) ]. Anomalous data for platinumsoaked crystals as well as the isomorphous nickel crystals were collected at the absorption maximum of Pt LlIl edge (X = 1.071 A). The Pt-absorption edge was determined by x-ray fluorescence at 90 degrees from the crystal. Data collection for the unsoaked, uncomplexed /ac repressor, the /ac repressor co-crystallized with MMG, the DNA-/ac repressor and the IPTG-/ac repressor crystals was done at room temperature (designated by RT). The following summarizes the space group and cell parameters of the crystals given in Table 1 
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An unbiased view of the lac repressor was obtained independently with the phases derived from the heavy atom derivatives. A preliminary set of phases was computed with PHASES (36) followed by solvent flattening. Electron density maps computed with these initial phases were sufficient to see the molecular boundary of the tetramer in the asymmetric unit. The experimentally derived phases were refined by separate fourfold averaging of the noncrystallographically related inducer binding domains and COOH-terminal oligomerization helices. A model built to the averaged electron density with CHAIN (37) revealed the core structure (residues 62 to 329) as well as the COOH-terminal oligomerization helices (residues 340 to 357). Residues 1 to 61 were disordered in the absence of DNA.
A model of the repressor, containing residues 62 to 357, was refined with the use of both the experimentally measured amplitudes and the symmetry averaged phases as implemented in X-PLOR (38) . The fit of the model to the map is described by a vector residual of 39 percent, corresponding to a crystallographic R factor of 25 percent, for all data with d spacing greater than 2.7 A. The stereochemistry of the model has a root-mean-square (rms) error in bond lengths and angles of less than 0.005 A and 2.10, respectively. As an independent check of the model, the averaging was repeated starting with phases derived from a polyalanine model of lac repressor. The resulting electron density from this "side chain omit map" (Fig. 3) allows the objective placement of the side chains in the model.
A different crystal form appeared when the repressor was co-crystallized in the presence of IPTG (30) . The diffraction quality of these crystals was also improved by K2Pt(CN)4. These crystals are in a space group P21212 with one tetramer in the Fig. 2 the model for the data to 3.2 A has a vector residual of 38 percent and the conventional R factor of 23 percent. Again, there is no electron density for the headpieces and the hinge helices.
Several dozen synthetic double helical fragments of DNA that varied in length and sequence produced crystals. Only one synthetic operator produced crystals that diffracted sufficiently well. These crystals contain a 21 -bp symmetric operator segment to which the repressor binds with greater affinity than the wild-type sequence (39) (Fig. 1) . Crystals of the binary complex grew in space group C2 yielding diffraction SCIENCE * VOL. 271 * 1 MARCH 1996 data with d spacings greater than 4.8 A (Table 1 ). Molecular replacement methods were used to find the orientation of the lac dimers and their positions were determined with the use of GA_RB (35) . Several iterations of fourfold noncrystallographic symmetry averaging improved the quality of the phases and produced unambiguous electron density for building the intact repressor as well as the 21-bp DNA. Again, the coordinates were improved by means of a phaseconstrained refinement and maintaining strict noncrystallographic symmetry. The structure of the repressor-DNA complex agrees with the experimental data having a vector residual of 46 percent and a crystallographic R value of 26 percent. When the repressor was complexed to the DNA, the headpieces were ordered and were visible in the electron density (Fig. 4) .
Architecture of the repressor. The repressor monomer has four functional units (Fig. 5, A and B) , namely, an NH2-terminal A headpiece which binds specifically to the DNA, the hinge region, a sugar binding domain, and a COOH-terminal helix. The DNA binding domain, or headpiece of the lac repressor contains a helix-turn-helix (HTH) motif and is similar to other prokaryotic regulatory proteins in this class (40) . A small, compact globular domain with a rich hydrophobic core is formed by two a helices in a HTH motif (residues 6 to 25) that is connected by a short stretch of polypeptide chain to the third helix (residues 32 to 45).
A linker (residues 46 to 62) connects the DNA binding domain to the core of the repressor. This segment of the polypeptide chain, referred to as a hinge, was thought to be devoid of secondary structure because it is most susceptible to proteolytic cleavage (41) . Nuclear magnetic resonance (NMR) studies of the intact repressor in the presence and absence of DNA demonstrate that the headpiece of repressor moves indepen- dently of the core (42, 43) . In the presence of DNA, residues 50 to 58 are ordered and form an ot helix that appears to (i) make specific interactions with the lac operator DNA and (ii) orient the headpieces. The coil-to-helix transition for residues 50 to 58 occurs only when the repressor associates with the operator. In the absence of the DNA, the hinge helices are disordered giving the headpieces a broad range of structural freedom.
The inducer binding domain or core structure of the lac repressor is similar to PurR (29) and to the bacterial periplasmic binding proteins (44) . The inducer binding domain is composed of two subdomains (Fig. 5) that are topologically similar, with a six-stranded parallel a sheet that is sandwiched between four ox helices. These two .compact subdomains are hinged together by three linkers (Fig. 5B) . At the COOHterminus of the core there is a short segment of 11 residues followed by a COOHterminal a helix (residues 340 to 357) that contains two leucine heptad repeats. An oligomerization domain is formed when all four COOH-terminal helices of the tetramer associate. Mutations and deletions of the COOH-terminus destroy the tetramer and result in dimers with partial repressor function (6, 8, 20, 45) .
The quaternary structure of the lac repressor ( Fig. 2) and the core fragment (27) are unusual and do not maintain the point group symmetry of other oligomeric proteins of known structure. Since virtually all homotetramers of known structure have D2 (222) symmetry, it may be more useful to consider the lac repressor as a dimer of dimers. The twofold axis that relates the monomers within the dimer are skewed (A4S 200; A14 100) with respect to the twofold axis that relates the dimers within the tetramer. This creates a repressor tetramer that is roughly V-shaped. It is unlikely this unusual quaternary structure is a consequence of the crystalline state, since this tetrameric arrangement is observed in all three crystal forms used in this study and is retained in the core structure (27) .
The interface between two monomers of a dimer is quite extensive and buries -2200 A2 of surface area. Four principal clusters of amino acids create this dimer interface: residues 70 to 100, 221 to 226, 250 to 260, and 275 to 285. With the exception of residues 250 to 260, point mutations within these clusters result in monomeric forms of lac repressor (46, 47) . The interactions that are responsible for the quatemary structure of the tetramer are almost entirely due to the association of the COOH-terminal helices, which is consistent with genetic analysis (8 similar to the average surface area buried in a crystal lattice contact, about 250 A2 (48) . The arrangement of strong dimer contacts and weak tetramer interactions suggests that the observed tetrameric structure of the repressor is essentially a tethered dimer. There are no obvious reasons for the two dimers to associate with this particular geometry and one might expect that the pair of tethered dimers could adopt a variety of conformations. Comparing the quaternary structures of repressor, in the various crystal forms, demonstrates that the orientation of the two dimers is not fixed precisely. Repressor dimers could be arranged with their DNA binding domains pointing in opposite directions. DNA binding and structure. In the crystals of the repressor-DNA complex, each repressor tetramer is bound to two independent, symmetric operator DNA double helices (Figs. 6 and 7) . The primary sites of interaction are concentrated in the HTH motif, which fits snugly in the major groove, and are consistent with the protection and synthetic DNA studies (9, 49) . The orientation of the HTH motif with respect to the DNA is essentially the same as that observed with PurR (29) but unlike other prokaryotic HTH proteins of known structures. Because of the limited resolution of the co-crystal data, atomic interactions between the protein and DNA cannot be assigned in detail. However, residues Leu6, Tyr'7, Gln'8, Ser21, Arg22, and His29 are close to the DNA, and their side chains most likely form direct base pair interactions with the operator in the major groove of the DNA. Substitution of the amino acid side chains at these positions result in repressor molecules that are incapable of binding to DNA and have an I-phenotype (24) . From the position of the hinge helices, it is also likely that the pair of leucine residues at position 56 (one from each monomer) make direct contacts with the bases in the minor groove of the operator. These leucine residues are in close proximity to the center of the operator DNA and, as also seen in the PurR structure (29) , work as a lever to pry open the minor groove. The wild-type lac operator is asymmetric with an additional G-C base pair at the center of the operator. If we assume that the repressor binds the natural operators in a similar fashion, these leucine residues would introduce an asymmetry in repressor binding that is observed in the methylation protection data as well as the distribution of constitutive mutations (9) .
Binding of the repressor to the 21-bp symmetric operator distorts the conformation of the DNA so that it bends away from the repressor with an approximately 60 A radius of curvature, slightly greater than the curvature for a nucleosome (50) . Distortions on the DNA are localized to the center of the operator where there is a bend or kink of about 450 that results in the minor groove having a width of more than II A and significantly reduces the depth of the groove to less than 1 A. The central portion of the operator has a helical rise and a twist angle of 6.1 A and 220, respectively. The DNA was observed to have a local unwinding of more than 500, which is consistent with solution measurements (51) . These distortions accommodate the hinge helices in the minor groove. The average helical parameters that describe the conformation of the DNA in the environment of the HTH are consistent with the canonical B form. When a single headpiece associates with a half-site operator site, data from solution NMR studies indicated that the entire DNA fragment was undistorted from canonical B form (26) . The presence of the full operator seems necessary for the transition of the hinge region into an ot helix, which in turn is responsible for the local DNA deformation. The two fragments of DNA bound to a tetramer of the repressor are separated by approximately 25 A and there are no interactions between these DNA fragments or with symmetry-related DNA fragments in the crystal structure (Fig. 7) .
The inducer binding site. The inducer molecule, IPTG, binds to the repressor at the interface of the NH2-terminal and COOH-terminal subdomains. Since the IPTG molecule is pseudo symmetric, the inducer molecule could be fit to the density in two ways. Although the same side chain residues were used in both instances, the contacts to the sugar differ. The repressor can make either three or four hydrogen bonds to the IPTG hydroxyl groups. The orientation with four hydrogen bonds involves the amino acid side chain Asn246 with the 02 of the galactoside, Arg197 with 03 and 04, and Asp'49 with the 06 position. The sugar binding pocket also has a hydrophobic surface formed by Leu73, Ala75, Pro76, Ile79, Trp220, and Phe293, and the isopropyl group of the IPTG is within van der Waals contact of Trp220. The alternative orientation is seen in the lac repressor core fragment (27) .
There exists a collection of altered repressor molecules that bind to the operator DNA with wild-type affinity but are incapable of induction (24 the linear sequence of the protein but appear to cluster in five general locations that include residues 70 to 80, 90 to 100, 190 to 200, 245 to 250, and 272 to 277. In addition, residues Trp220 and Phe293 are also located within the binding pocket. Most of the Is mutations are in close proximity to the sugar binding site, with the exception being mutations between residues 90 to 100 (Fig. 8) . These residues form the first strand of the 3 sheet (strand B) within the NH2-terminal subdomain and are at the dimer interface, suggesting that residues 90 to 100 transmit the allosteric signal. The allosteric transition. Comparing the structures of the repressor in the three crystal forms suggests there are two distinct structural rearrangements of the monomer and the dimer, corresponding to the induced and repressed states. The conformation of the apo repressor monomer is extremely similar to the repressor in the presence of IPTG with an rms difference in the ax-carbon coordinates of less than 0.4 A. In contrast, the rms difference between the uncomplexed repressor monomer and that bound to DNA is greater than 1.9 A for all a carbons. The repressor adopts a conformation in the presence of the operator that differs from both the unliganded and the inducer bound forms. When the NH2-terminal and COOH-terminal subdomains in the induced conformation are superimposed independently on the corresponding subdomain of the repressor in the repressed conformation, the rms deviation in the at carbons is small (less than 1 A) . These subdomains are structurally invariant and do not significantly change conformation when switching between states. However, the relation of the NH2-and COOH-terminal subdomains do change by what appears to be a small hinge motion.
This hingelike motion primarily alters the positional relations of the NH2-terminal subdomains within the dimer changing the interface between the two NH2-terminal subdomains. When the repressor binds to its operator DNA, these two subdomains rotate by about 100, and their centers of mass move by about 2 A preserving the dimer twofold axes. The hinge motion does not alter the relationship between COOHterminal subdomains in the dimer. The structural change between the induced and repressed states is most likely propagated via the hinge helices to the headpieces (Fig. 9) . The change in the dimer interface within the NH2-terminal subdomain results in the displacement of the a carbon of residue 62, the first amino acid of the core. In the induced form of the repressor, this residue moves away from its twofold-related mate by about 3.5 A which (i) disrupts the interaction of the hinge helices, (ii) frees the DNA binding HTH domains, and (iii) reduces the affinity of the repressor for the operator.
The allosteric transition appears remarkably similar to that observed in hemoglobin (17) . (52) .
The structural basis for the allosteric transition of the lac repressor can be formulated in view of the observation that the induced conformation and the unliganded form of the repressor are virtually identical and differ from the repressed conformation (Fig. 10) . In the absence of inducer, the unliganded form of the repressor can adopt Fig. 8 (left) While most Is mutations appear to cluster in the IPTG binding site, 1s mutations in strand B are far from the binding site and must transmit the allosteric signal between the dimer interface at the NH2-terminal core subdomain. The IPTG molecule in this figure is shown in the position which yields most hydrogen bonding to the side chain residues of the repressor molecule. (20, 54, 55 (66) . Glucose is the primary energy and carbon source whereas lactose is an ancillary fuel that is used when the glucose supply becomes depleted. Repression loops between 0°and 03 most likely form when there are low concentrations of glucose (that is, an increase of cyclic AMP, promoting CAP binding) and lactose such that the bacteria need to reduce the baseline transcription of the Lc operon to conserve energy. In this way the lac repressor and CAP proteins operate as an integrated switch tlhat responds to the relative concentration of these metabolites.
A moidel of a 93-bp repression loop that corresponds to the Lac operon DNA seqoLence -82 to + 11 was constructed with a shape best described by the Folium of Descartes (Fig. 11 ) . The model for this repression loop positions the contact surfac e ftor RNA polymerase on the inside surface, providing an additional mechanism for preventing polymerase access to the promoter (67). This higher ordered structure efficiently prevents polymerase from fully engaging the lac promoter and thus maximizes repression (68) . In addition, a closed DNA loop between 01 and O3 could facilitate the interaction of CAP with RNA polymerase, consistent with the observation that lac repressor accelerates messenger RNA synthesis upon induction (69) .
Looping of DNA over long distances is a recurring feature of transcriptional complexes in both prokaryotic (70) and eukaryotic systemns (71 ) 
